The assimilation of NH4, into amino acids requires carbon skeletons provided by the TCAC2 (25) . In N-limited cells of Selenastrum minutum (Naeg.) Collins, the aerobic assimilation of added NH4' results in a dramatic increase in oxidative TCAC carbon flow and mitochondrial ETC activity (28) (29) (30) much reduced rate as compared with aerobic conditions. Under anoxia, the transfer of electrons from Cyt oxidase to 02 cannot take place and reductant (NADH and FADH2) produced by the TCAC is no longer oxidized by the mitochondrial ETC. It was therefore of interest to determine whether carbon skeletons for NH4' assimilation could be supplied by partial oxidative TCAC activity under anoxia. Clearly, if this were the case, metabolism would have to be altered to accommodate the regeneration of NAD+. Typical fermentative end-products such as lactate, ethanol, or malate can only provide an electron sink for the NADH produced by glycolysis and are not able to support active oxidative TCAC carbon flow.
In the present study, we provide evidence that cells of S. minutum are able to maintain partial oxidative TCAC activity under anaerobic conditions for the supply of aKG for net glutamate production. We provide data which suggest that maintenance of partial oxidative TCAC activity under anaerobic conditions may be due, in part, to a reductive pathway from PEP through to OAA, malate, and succinate.
MATERIALS AND METHODS

Organism and Culture Conditions
The green alga Selenastrum minutum (Naeg.) Collins (UTEX 2459) was grown autotrophically in N-limited chemostats as previously described (4). The medium was buffered to pH 8.0 with 25 mm Hepes, the growth rate was 0.3 d-', and steady state Chl concentrations in the chemostats were 1.2 to 1.4 ,ug mL-'. Growth under N-limitation maximizes the potential biosynthetic demand for TCAC intermediates once the alga is resupplied with a N-source (28).
Experimental Conditions
All experiments were performed with cells in the dark, after they had been taken from the chemostat, concentrated by centrifugation, and resuspended to the desired density in culture supernatant (the only exception to this is in the CO2 efflux experiments in which a different resuspension buffer is used). The cells were put into a sealed, N2-purged, waterjacketed (200C), dark cuvette equipped with a magnetic stirrer and a serum-stoppered sampling port. The cuvette was equipped so that, upon removal of a sample, the sample volume was displaced by an equal volume of N2. Aerobic conditions were maintained by use of a catalase/H202system. Strict anaerobiosis was achieved by use of a 02 scavenging system consisting of 5 mm glucose, 20 ,ug mL-' catalase and 200 ,lg * mL-' glucose oxidase (6) . After 10 min preincubation under these conditions (dark-aerobic or dark-anaerobic), the experiment was started, usually by injection of NH4Cl or H'4CO3-through the sampling port. Samples were then taken from the cuvette for different analyses. Where necessary, samples were taken with a blackened syringe to ensure dark conditions were maintained. The Time (min) Figure 2 . Ethanol production following the transition from aerobic to anaerobic conditions and following NH4+ addition. The steady state concentration of ethanol seen during the aerobic phase (before addition of glucose oxidase) was probably produced when the cells were being concentrated by centrifugation and therefore going anaerobic in the pellet. Respiratory CO2 Efflux
Respiratory CO2 efflux was monitored by stable carbon isotope mass spectrometry as described previously (29, 30) . This method measures gross CO2 efflux rather than simply net CO2 exchange. Cells were resuspended to 3.5 ,g Chl mL-' and 22 ,g Chl mL-' in aerobic and anaerobic experiments, respectively. CN-was added at a concentration of 40 uM.
Metabolism of H14CO3-Na214CO3 was added to cells immediately following or at different times after the addition of NH4Cl. Aliquots of the cells were then withdrawn and killed by injection into hot (90'C) 80% (v/v) ethanol. After two extractions in hot ethanol, the aqueous extract was acidified with formic acid and dried down to remove unfixed H'4CO3-. The extract was then resuspended in H20, partitioned five times against chloroform, dried down, and then resuspended in H20.
Analysis of Radiolabeled Products
An aliquot of the radiolabeled extract (200,000 dpm) was spotted onto paper (Whatman No. 3, 25 x 25 cm) for twodimensional paper chromatography. Chromatograms were developed twice in 95% (v/v) aqueous ethanol:NH40H:H20 (80:5:15, v/v/v) in the first dimension and then twice in nbutanol:formic acid:H20 (10:2:15, v/v/v, upper phase) in the second dimension. This system allowed good separation of both the amino and organic acids. The position of labeled metabolites on the paper was determined by autoradiography.
Labeled compounds were identified both by cochromatography with authentic radiolabeled compounds and by the use of detection reagents to visualize authentic compounds. Amino acids were detected with 0.5% (w/v) ninhydrin in 95% (v/v) ethanol. The papers were heated to 80'C for 10 min after spraying. Organic acids were detected using an ammoniacal silver nitrate reagent (1) .
After they were identified, the radioactive spots were cut out and added to 5 mL of H20. After 1 h, 10 mL of scintillation cocktail was added and radioactivity determined by liquid scintillation counting.
The proportion of radiolabel in the a-carboxyl carbon of Time (min) Figure 3 . Effect of NH41 assimilation on glutamic acid pool size (0) and specific activity (0) in dark anaerobic cells. H14CO3-and NH4+ were added simultaneously where indicated by the arrow.
glutamic acid was determined by ninhydrin decarboxylation (5) after elution of the glutamic acid from the paper.
Metabolite Determinations
To determine the specific activity of glutamic acid, a portion of the radiolabeled extract was used to measure glutamic acid concentration. This was done by an enzymatic method (31) (30) . Chl was measured after extraction in 100% methanol (15) .
RESULTS AND DISCUSSION
Oxidative TCAC Carbon Metabolism during Anaerobiosis Previous work on NH4' assimilation by Selenastrum minutum has highlighted the role of the TCAC and the mitochondrial ETC in the provision of carbon skeletons for amino acid biosynthesis (28) (29) (30) . The addition of NH4' to aerobic Nlimited S. minutum results in a dramatic increase in the rate of TCAC CO2 release ( Fig. IA;, ref. 29 ). This is consistent with increased TCAC carbon flow to provide aKG for the GS-GOGAT reaction which is the principal pathway by which plants and green algae assimilate NH4' into amino acids (25) . Associated with the increased biosynthetic demand for TCAC carbon is an increase in dark CO2 fixation (4) . This is due to increased PEPC activity (1 1), an anaplerotic reaction which serves to replenish TCAC intermediates (20, 21) . This increase in biosynthetic TCAC activity is accompanied by an increase in mitochondrial ETC activity (29) . carbon fixation. Table I shows that there is a 20-fold and an 8-fold increase in the rate of dark carbon fixation during aerobic and anaerobic NH4' assimilation, respectively. If the TCAC is providing carbon skeletons for amino acid synthesis in anaerobic cells, then NH4' addition should also stimulate TCAC CO2 efflux. Figure 1 shows that there is a dramatic increase in the rate ofCO2 efflux when either aerobic or anaerobic cells assimilate NH4'. Aerobic CO2 efflux is inhibited by cyanide (29) , but under anaerobic conditions CO2 efflux is unaffected (Fig. 1B) . This is expected since aerobic regeneration of TCAC generated reductant is via the Cyt ETC (29) whereas the ETC cannot serve this function under anoxia.
As this alga has a high rate of ethanol production under anoxia (Fig. 2) , it was necessary to confirm that the increased CO2 efflux observed upon NH4' addition to anaerobic cells was not due to an increase in the rate of ethanol production via pyruvate decarboxylase. Previous work with other green algae has suggested that ethanol may be produced via pyruvate formate lyase and acetaldehyde dehydrogenase and therefore 6.5 a The total aqueous extract radiolabel represented 86% (5 min), 90% (10 min), 89% (15 min), and 92% (20 min) of the total acid stable radioactivity incorporated at that time (first experiment) and 78% (5 min), 84% (10 min), 93% (15 min), and 88% (20 min) of the total acid stable radioactivity incorporated at that time (second experiment).
not result in C02 production (9, 18) . Regardless of the pathway of ethanol synthesis in S. minutum, Figure 2 shows that NH4' had no appreciable effect on the rate of ethanol production, implying that the NH4' induced increase in CO2 release could not be due to increased ethanol production.
The (Tables II, III, IV) . Ninhydrin decarboxylation of this glutamic acid showed that the majority of incorporated radiolabel was indeed in the a-carboxyl carbon regardless of whether the cells were aerobic or anaerobic (Tables II, III) . Evidence that TCAC carbon flow to glutamate synthesis was sustained during long periods of anaerobiosis was provided by experiments in which H'4CO3-was added at different times following the addition of NH4' (Table III) . Again, radiolabel appears in glutamic acid, even when H'4CO3-is added 40 min after the NH4' addition. The majority of radiolabel is again localized in the a-carboxyl carbon of glutamic acid (Table III) . The proportion of the total aqueous extract radiolabel found in glutamic acid decreases if the addition of H'4CO3-is delayed (Table III) , but this is due to the dramatic decrease in the pool size of glutamic acid during anaerobic NH4' assimilation (Fig. 3) . The important observation is that the specific activity of glutamic acid continues to increase over the course of the experiment, suggesting continued flux of radiolabel into this compound (Fig. 3) (8, 17) . To our knowledge, however, the present study is the first study demonstrating oxidative TCAC carbon flow to aKG occurring in a photosynthetic tissue under anaerobic conditions.
Reductive TCAC Carbon Metabolism during Anaerobiosis
Maintenance of partial oxidative TCAC activity to aKG requires oxidation of NADH produced in the reactions catalyzed by glyceraldehyde 3-phosphate dehydrogenase, pyruvate dehydrogenase, and isocitrate dehydrogenase (Fig. 4) . Glycolytic fermentative end products, such as lactate or ethanol, produced under anaerobiosis are unable to sustain oxidative TCAC activity as they only provide an electron sink for the NADH produced in glycolysis. Malate has often been considered as a normal end product ofglycolysis in plant tissue (19) . Moreover, it has frequently been reported to accumulate in anoxic plant tissue (2, 22 (Fig. 4) . Malate contains some label, probably because the equilibrium between malate and OAA lies heavily in favor of malate. Under anaerobic conditions, glutamate and glutamine still become labeled, but the greatest proportion of label is found in malate, fumarate, and succinate (Tables II, III, IV) . As with glutamic acid, the incorporation of radiolabel into these metabolites is sustained during prolonged periods of anoxia (Table III) . Also, time course experiments indicate that there is radiolabel accumulation in succinate over time (Table IV) . This suggests that during anaerobic NH4' assimilation, PEPC (2, 23, 24) . Reductive TCAC carbon flow has been hypothesized as a mechanism by which the host cells of root nodules might produce C4-dicarboxylic acids such as succinate to supply bacteroids (32) . Operation of a reductive pathway from OAA to succinate has been extensively studied in facultatively anaerobic invertebrates (3, 13, 14) . Succinate is also a major by-product in the fermentation of yeast where its synthesis can occur via an oxidative or reductive TCAC ( 12) . Although we have provided evidence of a reductive pathway from OAA to succinate in this alga during anaerobiosis, we do not know the relative flux of carbon between the oxidative and reductive paths of the TCAC. We therefore do not know the significance of the reductive pathway in the maintenance of oxidative TCAC carbon flow relative to other potential processes such as H2 evolution (9, 10 (16) and in Euglena (27) . It has been shown that fumarate reduction may be linked to NADH oxidation and ATP synthesis (7 and references therein) thereby providing an excellent strategy for anaerobic fermentation.
CONCLUSIONS
We have provided evidence that the N-limited green alga Selenastrum minutum is capable of maintaining partial oxidative TCAC activity during anaerobic NH4' assimilation.
We have also provided evidence that a reductive pathway from OAA to malate, fumarate, and succinate may contribute to overall redox balance.
